Ever increasing shares of intermittent RES in present and future power systems pose new challenges with regard to operation, particularly balance, frequency and voltage stability. Towards effective solutions, the ELECTRA IRP project has developed a novel structure for future power systems operation, by dividing them in a number of Cells, constituting so a Web-of-Cells, and equipped with controllers addressing operation objectives. This paper deals with the Frequency Containment Control use case and, in particular, its implementation in the context of operation constraints imposed by different system conditions. To this end, a design method based on fuzzy logic for avoiding conflicts caused from these conditions or multiple control loops implemented on the same resource is proposed. Simulation results for various selected scenarios and controllers show the effectiveness of the proposed approach.
INTRODUCTION
Environmental as well as economic considerations constitute principal motivators towards adopting ever increasing green technologies, namely RES for the electrification of power systems. The higher the RES penetration will be, the more the system's operation challenges will be expected due to unpredictability, intermittency and the vast dispersion, all intrinsic characteristics of this type of energy resources. The operation challenges are to be further intensified due to the high penetration targets that energy policies have set. For example, the target for Green-House Gasses (GHG) reduction at European level is set to at least 40% by 2030 and between 80 and 95% by 2050 compared to the 1990 figures [1] . In addition, from the same report the minimum requirement of energy covered by RES by the year 2030 is 27%. More ambitious studies such as [2, 3] show that even higher RES levels can be achieved. For example, [2] predicts that one of the possible pathways for RES development involves a RES energy penetration as high as 100% by 2050. Furthermore, analyses like [3] also predict possible high RES penetration scenarios, namely up to 60% of energy covered by RES by 2030.
Regardless of the approach or the levels that will eventually be reached, RES penetration is expected to substantially increase in the next decades, in a fashion that will have some consequences with regard to the best exploitation of the generated energy as well as the security of supply, the latter being a prerequisite for maximizing the former exploitation. To this end, an operation paradigm shift from modern to future power system is required in order to host the planned RES as effectively as possible.
All in all, research approaches regarding operation of high RES penetration systems can be distinguished into three main pathways, namely the reconfiguration of roles and responsibilities in operating power systems, invention of new optimal automatic control strategies and reconsideration of operating requirements especially in terms of frequency stability, namely less stringent frequency limits.
THE ELECTRA WEB-OF-CELLS CONCEPT
One exemplary approach towards solving the hosting capacity challenges of power systems in terms of high RES penetrations is the structure proposed in the ELECTRA IRP project. In this approach, the power system is structured and operated in the form of 'cells' which constitute a Web-of-Cells [4] . Each cell incorporates the operation responsibilities and capabilities of present day systems' Control Areas (CAs) but with enhanced control capabilities. The latter enhance lower voltage level grids, i.e. distribution level, unlocking so the great potential of Distributed Generators (DGs) as well as flexible loads and storage elements in the provision and utilisation of ancillary services. Cells are equipped with novel control strategies that optimally exploit flexibility of generation/consumption so much so that maximisation of RES in the grid can be achieved. These controllers are chiefly control room functions that have an overview on a set of local controllers and they deal with the provision of the required reserves at cell level as well as the assessment of the effectiveness and the impact that the reserves may have on voltage and current limit violations. However, apart from these highimportance functionalities, a number of issues may also appear at DER level mainly due to the implementation of multiple control loops for the provision of different services. Furthermore, the impact that one service can have in the various technical parameters of the unit is an important issue. This might cause potential conflicts arising from opposite control or parameter objectives.
As the most representative example, storage systems are considered in this study. A battery storage unit can provide multiple balance/frequency control services, such as frequency containment control (FCC) and virtual/synthetic inertia. Selecting classic control methods to reserve and utilise power capacity from a storage system may result in two important issues:  Sub-optimal exploitation of capacities since a part of it should be reserved for each of the services, thus it remains unexploited when the service is not fully activated.  Potentially conflicting objectives of the different control loops since one controller may change the output power towards the opposite direction than the other. To cope with problems like the ones above, fuzzy logic can be used in order to combine all control objectives in one control scheme which, when properly designed can produce the optimal control results [5, 6] . Generally, fuzzy control has been widely used in various studies for power systems control especially with single or combined objectives [7, 8] .
Fig. 1 Utilisation of reserves by using classic and fuzzy control
For instance, as it is shown in Fig. 1 reservation of capacity for two different services like inertia and frequency containment (droop) may result in smaller exploitation of the total capacity since the two conditions for maximum power may not be satisfied simultaneously. By contrast, a use of combined logic based on fuzzy control can obtain a better exploitation of the total capacity if the proper rules are selected. Similarly, for the case of a frequency deviation, when the frequency value and the rate of change of frequency (ROCOF) receive opposite values (Fig. 2) it is possible that the output power of the combined classic controller can become zero. By means of a combined control it is possible to maintain an output power always above zero in situations like that, increasing so the service effectiveness and the system stability. By the same token, internal parameters of the storage system such as the actual State-of-Charge (SOC), as well as external parameters such as terminal voltage can be taken into account as potential sources of conflicting objectives in a combinational control design.
Fig. 2 Conflicting control requirements based on input signals
It should be pointed out that the proposed design method is not a substitute of the ELECTRA cell control room functions that deal with the various conflicts but it is a complementary scheme, supporting and enhancing the decisions taken at DER (local) level since some amount of information is not always known to the higher level controller. To this end, the cell controller that, for instance, determines the amount of FCC reserves taking into account the local voltage constraints can make use of fuzzy control design. This way, it can dispatch the relevant parameters to the local DER in order to obtain the optimum result in terms of reserves usage and fewer violations of constraints.
PROPOSED FUZZY CONTROLLERS
In the present study three different types of controllers for combined parameters are examined. In the first scenario, a fuzzy control that combines Frequency Containment and Inertia control is investigated. The block diagram for this controller is shown in fig. 3 . For the frequency measurement at the point of common coupling of the power plant a PLL block can be used. The controller output is the active power of the storage system in pu. For the specific case, the set of rules of Table 1 is implemented, where NH and NL stand for Negative High and Low, ZE for Zero, and PL and PH for Positive Low and High respectively. Also, the membership functions are shown in Fig. 6 . (Fig. 5) . The rules for this controller are shown in Table 3 .
For each of the controllers the values of the membership functions are summarised in the following relationships: It is worth noting that for the defuzzification of the output signal, the Centre-of-Gravity method was used in all three cases.
SIMULATION RESULTS
The above-mentioned controllers were implemented and tested in a simulation environment with the use of the Glasgow, 12-15 June 2017
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CIRED 2017 4/5 power system model depicted in fig.7 . This system consists of two synchronous generators 2MVA each, one PV plant (500kW) and one Battery Storage system with a maximum power capacity 300kW. The voltage levels of the selected power system vary from LV to MV, namely 0.4kV, 0.69kV, 6.3kV and 20kV. The specific power system configuration is more or less representative of island power systems and, in our case, it represents the web-of-cells. For each of the previously presented controller scenarios, with the use of the specific power system in Matlab/Simulink, one simulation scenario is selected and presented below: Fig.7 Power system used for the simulations
In all the scenarios below, the output gain is set to300kW, equal to the nominal active power of the storage system. Also, for the sake of convention the consumed power of the storage system (and generally in the power system) in the test results is considered as positive for consumption and negative for production.
Scenario A
For this scenario, the control scheme of fig. 3 has been used. The controller uses two input signals, f and ROCOF. The gain values for this scenario are set to g 1 =1 and g 2 =0.05. For the comparison of the fuzzy controller with a classic set of controllers (droop and inertia) two different sets of gains were used, namely K droop =0.25 and K inertia =-0.05 and K droop =0.5 and K inertia =-0.025. In fig. 8 the simulation results show the frequency response when a load step-change is implemented at t=50sec. All gains are expressed pu power per Hz or per Hz/sec. Specifically, this load change is due to opening of switch B-2 that leads to a disconnection of 1.07MW (thus -1.07MW power change) and 0.312MVAr. More in detail, the top diagram illustrates the initial frequency change right after the incident. The comparison is between the fuzzy controller and the first version of classic control. It is evident that the fuzzy controller deals much better with the initial ROCOF by containing it in lower values, whilst the overall frequency response of the fuzzy controller is slightly improved in terms of frequency zenith and restoration time. Also, it is worth noting that for the case of classic control, the power command that the battery system receives by the two loops, depicted in Fig.9 , shows the temporarily opposing objective of the two controllers. 
Scenario B
In this scenario, the objective is to show how a control objective such as FCC can be combined with an internal parameter such as the SOC in one controller according to Fig. 4 . Specifically, the two tests implemented in this scenario regard the behaviour of the storage system under load step-change at t=50sec (in fact the disturbance is the same as in scenario A) but for two different initial values for the SOC. By combining the two objectives in one controller it is possible to exploit the resource capabilities to their full without causing problems to the battery operation. Otherwise, with the use of a classic droop controller it is possible to lead to deep discharge of the battery, reducing its lifetime.
The power response of the battery storage (bottom diagram of Fig.10) shows that the controller curtails its maximum frequency response due to the fact that the SOC of the battery is high (85%) and this means that only a limited amount of power can be absorbed. By contrast, for SOC=70% the storage can absorb its maximum power. As a result of this behaviour the frequency change for SOC=70% is much smaller. The fuzzy controller gains for this test were set to g 1 =g 2 =1. This test is divided into two sub-scenarios, both with g 1 =1 and g 2 =-1 and for a load change of -500kW at the connection point of the storage system. This change may be due to load disconnection or sudden increase of the power production of the PV plant. The main difference in the two sub-scenarios is the amount of reactive power load connected at bus N-1. Thus, for scenario 1 the reactive power is 500kVAr, whereas for scenario 2 it is800kVAr leading so to a different voltage variation during the active power change. The simulation results in fig. 11 show the frequency response (top diagram) and the N-1 voltage behaviour before and after the incident (t=50sec). The voltage deviations in both cases lead to a slight curtailment of the output power leading to an almost identical frequency response.
CONCLUSION
To cope with control conflicts that emerge by the use of multiple controllers or operating parameters on a DER unit, this study presented a method of combining multiple objectives by means of fuzzy logic. The simulation results for the various scenarios show that apart from being effective, the proposed method can also present better performance compared with classic control approaches. Despite the fact that the proposed method addresses local control issues, it is strongly linked with the ELECTRA control approaches and, in fact, provides a complementary solution to the cell-level controllers by facilitating a more efficient implementation where, due to complexity, it may be technically challenging for the cell control room to manage a multitude of local parameters.
